A recent experimental breakthrough allowed to probe electronic parametric resonance of a single magnetic atom in an STM setup. The results present intriguing features, such as an asymmetric lineshape and unusually large ratio of the decoherence and decay rates, which defy standard approaches using the conventional Bloch equations. To address these issues we employ novel generalized Bloch equations, together with proper microscopic modeling of the magnetic adatom, and show how all the experimental features can naturally be accounted for. The proposed approach may also be useful in treating any future similar experiments, as well as next generation hybrid quantum devices.
A recent experimental breakthrough allowed to probe electronic parametric resonance of a single magnetic atom in an STM setup. The results present intriguing features, such as an asymmetric lineshape and unusually large ratio of the decoherence and decay rates, which defy standard approaches using the conventional Bloch equations. To address these issues we employ novel generalized Bloch equations, together with proper microscopic modeling of the magnetic adatom, and show how all the experimental features can naturally be accounted for. The proposed approach may also be useful in treating any future similar experiments, as well as next generation hybrid quantum devices.
Introduction.-Electron paramagnetic resonance (EPR) experiments [1] have been a powerful tool in studying the properties of different paramagnetic materials by probing the spin of unpaired electrons for several decades [2] [3] [4] . In recent years, the possibility of achieving single spin resolution in EPR detection has been realized by utilizing scanning tunneling microscopy (STM) to measure the tunneling conductance through a magnetic impurity [5] [6] [7] [8] [9] , where a spin-polarized STM tip is used both as the EPR pump and probe.
Yet, the results of these experiment pose several difficulties. First, a conspicuous asymmetry in the resonance lineshape, with the signal even dropping below its asymptotic value; this was previously attributed to phenomenological Fano interferences [8, 10] . Second, a T 1 relaxation time which is about three orders of magnitude longer than the decoherence time T 2 . As we will show, these features (and several others to be detailed below) can naturally be explained as intrinsic effects provided we: (a) go beyond the traditional Bloch equation employed in these works, and use a new generalized quantum master equation; (b) account for the fact that the two level system addressed by the EPR excitation is a part of a more complex energy manifold of the adatom; (c) derive relaxation rates from the spin-electrode couplings.
Model.-To make the discussion concrete we concentrate on the system studied in Ref. [7] (see Fig. 1 ; in Ref. [8] the same system was studied, but the applied dc voltage was much larger -we will address this regime later on). There, single iron atoms were placed on a monolayer magnesium oxide (MgO) film, isolating the atoms from a bulk silver substrate. A spin-polarized STM tip was then positioned above the iron adatom, with the direction of its polarization determined by the applied external magnetic field, which was nearly parallel to the plane of the substrate. The magnetic atom placed on the substrate (assumed to be in the d 6 electronical configuration in the lowest Hund's rule term, with orbital angular momentum L and spin S both equal to 2) can be well described by the ligand-field Hamiltonian (see [11] for the parameter values) [7, 8] . See the text for further details.
FIG. 1. Experimental setup of the EPR-STM experiment
with the applied magnetic field B and the Bohr magneton µ B . A finite magnetic field component in the direction perpendicular to the MgO substrate acts as a Zeeman field, splitting the lowest energy state of the atom into an effective two-level system, polarized in its spin component, and isolated from the rest of the spectrum by a gap of roughly ∼ 14 meV (see supplementary material for [7] , Fig. S9 ). A dc voltage V dc = 5 mV was then set between the tip and the substrate, allowing tunneling of electrons through the adatom and the measurement of a current. Additionally, an rf voltage was also introduced, driving coherent transitions inside the effective two-level system. Projecting (1) into the Hilbert space of its two lowest levels, and including the periodic drive and the coupling of the atom to the tip and substrate electrons, one finds the Hamiltonian to be in the form sult of the low temperature, T ≈ 0.6 • K) and bath Hamiltonians respectively, and are given by
where σ are the Pauli operators, ω 0 is the two-level energy separation, Ω ∝ V rf is the driving amplitude, ω d ≡ ω 0 + δω is the driving frequency (typically Ω ∼ 1 MHz, ω 0 , ω d ∼ 25 GHz), and c kσα is an electronic annihilation operator with momentum k, spin σ, in reservoir α (either the STM tip or the substrate, withᾱ the reservoir which is not α).
The three different components of the interaction Hamiltonian describe different hopping processes of electrons: tip-atom-tip (tt), substrate-atom-substrate (ss), and tipatom-substrate (ts), see Fig. 1 . They are of the form
with
c. , r kσ , l kσ being electronic annihilation operators of the two leads (rl = ss, tt, or ts, where t and s stand for tip and substrate, respectively), with momenta k and spin projections in thê z direction σ. The strength of the exchange interaction for electrons hopping from tip to the adatom and back (green in Fig. 1 ), from the substrate and back (red) and from the tip to the substrate (or the other way around) through the adatom (purple) are J t , J s , and √ J s J t , respectively. S is the physical spin operator of the magnetic iron atom. The interaction Hamiltonian is subsequently projected onto the effective iron atom two level Hilbert space as H The change in tunneling current due to an exchange interaction of tunneling electrons with the adatom spin is (see [12] or the supplemental material [13] )
where V is the dc voltage, ν s/t are electronic densities of states in the substrate or the tip, p is the degree of spin-polarization in the STM tip, andp is the direction in which the tip spin is polarized (and that of the applied magnetic field). Sweeping the frequency of the driving V rf and measuring the change in current (compared to the V rf = 0 case), resonant line shapes were observed, with the resonant frequency corresponding to the energy separation of the two Zeeman-splitted levels. Furthermore, in the experimental setup we discuss here the main contribution to the current (4) stems from the effective two-level polarization, such that I T0J ∝ − σ z [13] .
Failure of standard Bloch equations.-In order to understand the dynamics of the adatom as a periodically driven open quantum system, the framework of the Bloch equations [14] was employed in [7] . Writing the adatom density matrix in the form ρ ≡ 1 2 + n − 1 2 σ z + α * σ − + ασ + , the equations may be written in the frame rotating with ω d as
with Γ ↓ , Γ ↑ and Γ z the relaxation, excitation, and pure dephasing rates, which are given by
where Tr B {·} is a trace over the bath degrees of freedom, and ρ B is the bath density matrix. The commonly used decay times are related to these decay rates as
z ≡Γ, where in the experiment under discussion T 1 ∼ 100 µsec, T 2 ∼ 100 nsec. In order to obtain (5a)-(5b) one must first derive a master equation in the absence of driving, and then add the drive as torque terms affecting the coherent dynamics "after the fact", such that the additional driving does not impact the dissipative dynamics whatsoever. This sort of approach is common mainly in atomic physics [15, 16] and quantum optics [17] , and we refer to it as the lab frame approach.
Solving (5a)-(5b) for the steady state of the system, and then extracting
which is even in the detuning frequency δω, and thus cannot reproduce the distinct asymmetric shape observed in Fig. 2 of [7] (note that this equation was used to fit the data in [7] and extract T 2 ). This would obviously mean that we need a better way of capturing the effects the driving has on the dissipation, possibly leading to a more complex behavior of σ ∞ z . Moreover, the unusually high value of the ratio T1 T2 still needs to be accounted for. One common possible approach which includes possible modifications to the dissipator stemming from the driving, may be obtained by diagonalizing the term H S + H D in a frame rotating with the driving frequency ω d , and only then calculating the dissipative dynamics, now with a modified interaction term with the bath.
However, in order for the master equation to be of Lindblad form [18, 19] , this rotating frame approach requires an additional "secular approximation" with regards to the generalized Rabi frequency ω ≡ √ Ω 2 + δω 2 , i.e., that it is sufficiently greater than all the dissipative rates (such that terms oscillating at frequency ω or higher may be neglected). This approximation is grossly inadequate in the experiment discussed here, as the rate 1 T2 for example is measured to be larger than Ω by roughly an order of magnitude. This is the exact opposite sort of scenario that this approximation applies to, so this approach too is invalid.
Generalized Bloch equations.-We develop and solve a novel generalized approach by working in the rotating frame but avoiding the customary secular approximation [20] with regards to the low Rabi frequency, while keeping the secular approximation for the high frequencies ω 0 ,ω d . Our approach then solves the crossover range between the static (Ω = 0) case and that of Ω . The modified dissipator now involves additional rates on top of those defined in (6a)-(6c). Whereas these previous rates were proportional to spectral components of bath correlation functions with frequencies ±ω d and 0, the new "dressed" rates are identical to them, only with a splitting of ±ω of the frequency argument. The important modification needed to reproduce the sort of observed asymmetry is the splitting of the pure dephasing rate Γ z into two additional rates,
The generalized approach thus results in a more complicated master equation [13] , where (5a) remains unchanged but (5b) is modified to
due to the fluctuation-dissipation theorem [21] . Plugging this expansion into the generalized master equation, we find the steady state polarization of the system,
which compared to (7) has an additional contribution that is odd in δω, as required. Up to second order contributions in ∆, this is similar to a Fano resonant line shape [22] with Fano parameter F ≈ 1 2
, which grows with increasing driving amplitude.
However, Eq. (10) does not guarantee that the line shape becomes visibly asymmetric. Let us define the spectral asymmetry as the ratio of amplitudes (maximum to minimum, as a function of δω) of the odd and even parts of the line shape; it is given by
Since the square root term in (11) is of the order of 1, and because
in this experiment, in order for the odd part of the line shape to be comparable in size to the even part it is necessary to have
This is quite an unusual case, where the excitation and relaxation of the open system, due to its coupling to the bath, happen at almost identical rates, since the temperature energy scale is significantly smaller than ω d . However, as we will now show, such a regime becomes more natural if one keeps in mind the distinction between the physical spin of the adatom and the effective two-level system. Moreover, such a regime suggests that the tip-atom-substrate tunneling process driven by the external dc voltage plays a major role in the relaxation/excitation of the effective two-level system, as it is the only out-of-equilibrium process, and it may facilitate such a scenario without requiring the temperature of the bath electrons to be much higher compared to ω 0 . This is also consistent with the experimental observation that the measured T 1 decay time dramatically increases when this voltage is turned off [7] .
Incorporating the adatom level structure and comparison with the experiment.-In order to properly calculate the dissipation rates that stem from the different interaction processes with the electronic bath, one must first project the physical spin operators of the magnetic atom onto the effective two-level system operators, using the approximate ligand field Hamiltonian (1) [7, 11] , which leads to
where we roughly estimate
−3 , and α zz ≈ −2. The negative value of α zz is the reason that the line shape is actually proportional to − σ z . Furthermore, we need to rotate the spin quantization axis of the electronic operators which appear in H I such that it is aligned with the tip polarization axis, which is at an angle ψ with respect to the normal to the substrate (Fig. (1) ) [13] . Note that since only the tip is polarized, while the substrate is spin-isotropic, we can use the same spin basis in both leads to diagonalize the expectation values of r † σ r σ and l † σ l σ . Assuming the tip to be completely spin-polarized (allowing us to simplify the calculated expressions greatly without modifying the underlying physics in any meaningful way), and approximating ψ ≈ π 2 , ω T , ω d , T V, leads to the following expressions for the rates
with η ± (x) ≡ ± x e ±x −1 , plus sign corresponding to Γ ↑ and vice-versa,J s ≡ ν s J s , and J s , J t are the amplitudes defined in (3) for the substrate and tip, respectively. The parameters χ ≡ αzx α ⊥ and r ≡ νtJt νsJs V T quantify the projection of the adatom Hamiltonian into the effective two-level system and the ratio of the atom interaction strength to the tip and the substrate. From these expressions for the rates we can immediately recognize that since α zz α ⊥ , the relaxation time T 1 becomes much longer than the dephasing time T 2 , as found in the experiment.
Note that the value of r corresponds to the relative importance of non-equilibrium (finite bias) enhanced relaxation as compared with the thermal ones. A large value of r is necessary to drive Γ ↓ and Γ ↑ to closer values, but if it is too large the asymmetry parameter ∆ = 2 1+r Γ z T is reduced, as opposed to what the measurements suggest. The value of χ should also be chosen such that it makes
smaller. On the other hand, in the approximate Hamiltonian from which (12) is derived χ ≈ 3, so a value of the same order of magnitude is required to remain consistent with previous assumptions. In the inset to Fig. 2 the interplay between the parameters r and χ and the relative values of Γ ↓ , Γ ↑ is displayed. One can see that a small value of
is definitely plausible in a substantial regime near the black dashed line where Γ ↑ = Γ ↓ . Finally, let us note that not only is it required that Γ ↓ ≈ Γ ↑ , but also that Γ ↑ be slightly larger than Γ ↓ in order to reproduce the correct line shape, in the same orientation of the asymmetry observed in [7] .
We may now put everything together, and reproduce the asymmetric line shapes using a sensible choice of the different parameters, along with staying consistent with what was already measured, i.e., the rough estimates for the decay times and driving intensity that appear in [7] . the same form as in [7] , with the "free parameters" r and χ taken such that the asymmetry is visible. The spectral asymmetry parameter A (Eq. (11)) assumes the values 0.4-0.8 for these curves. We note that by changing the parameters the lineshape can be flipped along either the horizontal or vertical axis [13] , which may help explain other experiments [23] .
High dc voltage regime.-A more comprehensive study of the EPR-STM properties of the system under discussion is performed in a recent experiment [8] . Importantly, unlike the scenario in [7] we have discussed thus far, the energy scale of the bias voltage used is much higher than the energy separation between the bottom two levels of the adatom and the higher energy manifold. This enables a richer variety of transitions to new states which are made accessible, and somewhat complicates our twolevel treatment. By taking into account the (physical) spin structure of the energy level diagram of the adatom [13] , and specifically the matrix elements overlap between different states, we model the higher energy manifold as a single composite state M , which allows an additional transition path between the bottom two levels. One can show that the total population of M is still small as compared to the two level system. Thus, it can be "integrated out" up to a modification of the Γ ↓ /Γ ↑ rates, given by
whereā is the relative amplitude of the M -assisted transitions, γ encodes the relative "directionality" of these new transitions (i.e., γ = 1 heavily favors relaxation/excitation depending on the bias sign, and with γ = 0 one has only sign independent contributions) [13] , and s dc = ±1 corresponds to changing the dc voltage sign. Despite the claims in [8] that γ ∼ 1, such that the steady state of the adatom changes drastically depending on bias sign, our microscopic calculation give γ ≈ 0.16 [13] , which actually allows us to reproduce the main features of the experiment. The discrepancy is rooted in carefully incorporating the small angle between the tip polarization axis and the substrate plane, which is unaccounted for in [8] . As an example, the change in the direction of the line shape asymmetry with reversal of the bias voltage (see supplementary material for [8] ) is recreated in Fig. 3 . Changing the voltage subsequently affects the rates Γ ↑ /Γ ↓ , enabling a scenario where one flips the sign of (Γ ↓ − Γ ↑ ), determining the asymmetry direction [13] . Moreover, the widening of the resonance shape with a decrease in tip-atom separation is also apparent. This is encoded by an increase in r, which is proportional to the amplitude J t . The decoherence rate Γ z increases along with r, naturally leading to a wider line shape. Additionally, the reported rise in asymmetry with as the driving amplitude is increased is reproduced [13] (and expected, as the asymmetry in our framework originates in the difference between Γ z ± and Γ z ). Conclusions.-In conclusion, treating the adatoms in spin-polarized STM-EPR experiments as a driven open quantum system requires special care and a novel generalized approach that on the one hand does not treat the driving perturbatively, and on the other hand addresses the possible subtleties in the dissipator. Such a treatment allows a clear understanding of the origin of the asymmetry in recorded line shapes, due to "splitting" of the bath dc spectral component by the generalized Rabi frequency. Yet, this alone is not enough, as the out-of-equilibrium tunneling processes involving the adatoms also have an important role in exposing this asymmetry. By careful calculation of the decay rates due to single electron tunneling events it is shown when can this effect is significant enough to be visible. Furthermore, this approach is able to recreate results and trends of more extensive experiments, also performed in different parameter regimes, featuring, e.g., a change of the asymmetry sign depending on the bias voltage. The more accurate and generalized approach implemented here may also be useful in future studies EPR-STM setups, as well as in other systems, 
for different signs of the voltage, as a function of r and χ (x and y axis, respectively) with colored markers corresponding to the different line shapes.
e.g., hybrid schemes that combine quantum devices from different regimes [24] [25] [26] .
Acknowledgments.-M. In this supplemental material we elaborate on the technical points behind the results presented in the main text. In Sec. S.A we derive how the tunneling current between the STM tip and the substrate is affected by the spin polarization of the adatom the electrons tunnel through. Sec. S.B details how the physical spin operator of the atom is mapped onto an effective two-level system. Next, we show that the dynamical current is directly proportional to the polarization of the two level system itself in Sec. S.C. In Sec. S.D we derive the generalized master equation by relaxing the rotating frame secular approximation. We present the different possibilities of the form the tunneling line shape may take depending on various parameters in Sec. S.E. In Sec. S.F the rates that go into said master equation are calculated. Finally, a generalization to a high voltage regime, where higher energy levels play some role, is given in Sec. S.G.
S.A. TUNNELING CURRENT AS A MEASURE OF SPIN POLARIZATION
In this section, we relate the tunneling current with the expectation value of the projection of physical spin of the adatom in a specific direction. Following mainly the treatment in [12] , we consider the Hamiltonian (2), (3) in the main text, where in the following l, r label the electronic reservoirs t, s, as in Eq. (3). The spin operator may be determined by examining the change in total charge over time in one of the leads,
with C ≡ T 0 k,k ,σ l † kσ r k σ e ieV t + J ts k,k ,σ,σ l † kσ σ σσ · Sr k σ e ieV t . We can expand the average of the current operator to lowest (first) nonvanishing order in the tunneling Hamiltonian, using the relation Ô (t) =
, where the average inside the integral is taken in the H T = 0 state. So, we find
The expression in Eq. (S2) can be divided into three individual contributions, proportional to T 2 0 , J 2 ts and T 0 J ts . The first contribution corresponds to background current, which is unaffected by the adatom spin. The second term will be significantly weaker compared to the last one due to the fact that typically Jts T0 ∼ 0.1 (a common ratio between the spin exchange energy and the tunneling barrier height [12] ). Hence, we shall focus on the T 0 J ts term, to be denoted by I T0J . Neglecting any scattering between the different momentum/spin channels in the ... 0 average, and using the Fermi-Dirac distribution f ( k ), we find
+c.c.
Going from a summation over momenta to summation over energies, and setting the local densities of states ν lσ = νt 2 (1 + σp) ,ν rσ = νs 2 . We were able to represent ν lσ this way since we choose here theẑ direction to be the tip spin-polarization axis, denoted asp in the following. Now we have
In the long-time limit, the adatom reaches its steady state and Sp becomes time-independent, so
Performing the integration over τ will result in a delta function. Assuming eV k B T (in the experiment eV = 5-60 meV and k B T ≈ 50 µeV), we find
i.e., the spin-dependent contribution to the current is proportional to the spin-polarization of the intermediary adatom in the direction of the tip polarization.
S.B. MAPPING THE PHYSICAL SPIN S TO THE TWO-LEVEL OPERATORS
The physics of an iron (Fe) atom, assumed to be in the d 6 electronical configuration in the lowest Hund's rule term (orbital momentum L and spin S both equal to 2), deposited on top of a monolayer magnesium oxide (MgO) film, has been found to be well described by the ligand-field Hamiltonian [11] 
with the applied magnetic field B and the Bohr magneton µ B . This Hamiltonian includes all terms allowed by the four-fold symmetry of the Fe bound to the MgO layer. The values of the free parameters, which have been found to best describe the experimental measurements (supplemental materials for [7] ), are detailed in Table I . This Hamiltonian can be directly solved and diagonalized in the 5 × 5 Hilbert space spanning the different orbital momentum and spin states, and we will focus on the lowest two levels in the energy diagram, to be denoted by |0 and |1 (see Table II for their components). Table (I) were used, as well as Bz = 6 T and Bx = 0.2 T.
In the subspace spanned by these two states, any operatorÔ can be represented by Pauli matrices (plus the 2 × 2 unity matrix),Ô
In this way, we can map all the spin operators in the two-level subspace using the general notation
with, e.g., α zx ≡ 1 2
1|Ŝ z |0 + 0|Ŝ z |1 and so on. Performing the calculation, with the states as given in Table II,  we 
where the x-y symmetry has been broken due to the orientation of the applied magnetic field. Note, however, the similarity between the values of α xx and α yy , which can be understood by calculating
The states |0 and |1 have extremely dominantŜ z components of (+2) and (−2), respectively, explaining why a singleŜ ladder operator would have such low values for the off-diagonal matrix components (as oppose to, e.g.,Ŝ 4 ± ). This allows us to approximate α xx ≈ α yy ≡ α ⊥ .
S.C. DETERMINING THE LINE SHAPE
As was previously shown in Section S.A, the spin-dependent current is proportional to the adatom spin projection in the direction of the tip polarization. This means that the quantity measured in this experiment is not necessarily in direct proportion to S z (ẑ here being in the "global" frame, perpendicular to the MgO layer), but rather
with ψ the angle between the applied magnetic field (or the tip polarization) and the axis parallel to the STM tip (see Fig. 1 in the main text). Using the fact that ψ ≈ 88
• in this experiment, we may approximate sin ψ ≈ 1, and cos ψ ≡ c 1. Thus, keeping in mind that α xx and α zx are of the same order of magnitude, we find
While αxx αzz and αxz αzz are of order 10 −4 , c is much larger, c ≈ 0.034. This leads to the final conclusion, that due to the negativity of α zz , the main contribution to the dynamical current can approximated as
meaning the current response reduces to a simple measure of the effective two-level system polarization.
S.D. GENERALIZED APPROACH FOR A DRIVEN OPEN QUANTUM SYSTEM WITH LONGITUDINAL BATH ASYMMETRY
Here we show that by following the rotating frame approach without the additional secular approximation, one arrives at a more general form of master equation for the two-level driven system. The driven system Hamiltonian (in the rotating wave approximation, which is well-justified since the drive frequency ω d is much larger than all other scales) is given by (setting = 1)
with ω 0 the two-level energy separation, Ω the driving intensity, ω d the driving frequency (and δω ≡ ω d − ω 0 ), and H B the bath Hamiltonian. For simplicity we will first consider the case where all the impurity operators couple to the same bath operatorB, and later on extend our results to the more general case of different bath operators. The coefficients a x,y,z represent some general form of coupling to the bath; we also define a ≡ a x + ia y and a 0 ≡ a z . We apply a transformation to a rotating frame by defining U ≡ e
Our transformed Hamiltonian reads
We now diagonalize the system Hamiltonian using the transformationH = S −1 HS, using 
and ω ≡ √ Ω 2 + δω 2 being the generalized Rabi frequency. Now that we have obtained a Hamiltonian with a diagonal system term, we move into the interaction picture, with the additional time dependence A k (t) → e ikωt A k (t). We may now use the Markovian expression for the time evolution of the reduced system density matrix,
with Tr B {·} a trace over bath degrees of freedom, ρ B is the bath part of the total density matrix, andρ ≡ d+u 2 + d−u 2 σ z + xσ − + x * σ + , the density matrix in the basis ofH, which is different than the original (non-diagonal) "lab frame" basis. Eq. (S21), upon neglecting terms oscillating with the high frequencies ±ω d , ±ω d ± ω, ±2ω d (the lab frame secular approximation), leads to the master equation
and we defined the bath correlation functions
The so-called rotating frame secular approximation would now have allowed us to discard D ω and D 2ω terms, but in this generalized treatment we keep these non-secular terms. In our next step, we perform a unitary transformation on the master equation (S22) with e −iH S t (...) e iH S t (whereH S = 1 2 ωσ z ). This introduces the coherent time evolution term −i H S ,ρ into the righthand side of (S22), while allowing us to eliminate the e ±iωt /e ±2iωt time dependence appearing in D ω /D 2ω . The novel non-secular are now more manageable, as they do not introduce any new time dependencies into the master equation. For the purposes of this work we may approximate Γ (±ω d ± ω) ≈ Γ (±ω d ), as deviations from this assumptions have only a minor effect on the results we present. We now define the relevant rates
Plugging these in, and using the inverse of (S18) to get the master equation in the original basis ρ ≡ 
As we have shown, the dynamical tunneling current is proportional to
i.e., the sign of the line shape (giving a peak or dip in the tunnel current measurement) depends both on the sign of the voltage and on the coefficient of the α matrix (calculated for the lowest levels (0, 1)). Changing the sign of V alone should naively just flip the line shape upside down. However, the rates themselves also depend on the sign of V , see Eqs. (S50)-(S51), where since V overwhelms all other energy scales, the sign of V determines which term is significant and which is neglected. This effectively flips the sign of p. Given that, we consider the line shape given in Eqs. (7)-(10) in the main text, which changes sign when one takes (Γ ↑ − Γ ↓ ) → − (Γ ↑ − Γ ↓ ) and ∆ → −∆. Thus, the sign of (Γ ↑ − Γ ↓ ) determines the "direction" of asymmetry of the measured line shape. A summary of the possible line shapes is given in Fig. S1 below. Note in particular the possibility of a negative "dip", as measured for example in [23] .
FIG. S1. Schematic line shapes given by our generalized master equation. Depending on the sign of (Γ ↑ − Γ ↓ ) and that of V αzz, the line shape can take the form of a positive or negative dip in the tunneling measurement, with an asymmetry that is "skewed" to the right or left of the resonance peak.
S.F. CALCULATION OF THE DECAY RATES DUE TO TUNNELING ELECTRONS
In this section we calculate expressions for the different dissipative rates that go into the generalized master equation. As a result of the low temperature the experiment is conducted in (T ≈ 0.6 K [7] ), thermal dissipation (due to phonons) of excitations in the effective two-level system is quite negligible, and will henceforth be ignored. The main source of relaxation, or the "bath", is the reservoir(s) of electrons from the leads (the tip and the substrate) that exchange spin with the adatom, through one of three possible (lowest order) processes (see Fig. 1 in the main text):
1. Hopping from the STM tip to the atom and back to the tip.
2. Hopping from the substrate and back again.
3. Tunneling occurring between the tip and substrate, i.e. current carrying electrons. This process will play a critical role in our analysis.
We use a generic form of interaction Hamiltonian, connecting two electron reservoirs, with tunneling amplitude √ J r J l between them (note that J ts = √ J t J s ),
Each of these correlations can be expressed in terms of the Fermi-Dirac distribution f ( k ),
with the subscripts of f indicating the lead and spin direction. Allowing an additional finite voltage V between the leads (may be set to zero for inter-lead tunneling), we find
where ν l↓ represents the density of states for ↓-electrons in lead l, and ν r↑ the density of states for ↑-electrons in lead r. The densities of states are approximated to be roughly constant near the Fermi energy. Next, we Laplace transform this correlation function in order to retrieve its spectral features. Since we only use the real part of the bath correlation functions in our analysis (as they represent the rates governing the master equation; the imaginary parts correspond to shifts of the subsystem Hamiltonian, whose effect we have verified to be small), we exploit the relation between the Fourier and Laplace transforms F {C} = 2Re {L {C}} (due to the property C (−τ ) = C * (τ )) and calculate the Fourier transform instead, 
Let us now define
with η ± (x) ≡ ± 
Σ zΣz (ω) = α zz cos ψ + α xz 2 sin ψ 2 (ν r↑ ν l↑ + ν r↓ ν l↓ ) (I − (ω, V ) + I + (ω, V )) + α xz 2 cos ψ − α zz sin ψ
• The upper levels 2, 3, 4, are all interconnected, and the transitions 2 ↔ 4 and 3 ↔ 4 are of similar amplitude. We find the dominant matrix elements 2 |S − | 3 ≈ −0.43, 2 |S x | 4 ≈ 1.55, and i 3 |S y | 4 ≈ 1.64. In light of these observations, we simply approximate the upper levels as a composite state M , with new transition rates, Γ 0/1→M = Γ 0/1→2 + Γ 0/1→3 , see Fig. S2 . The master equation for the occupation properties of level i, P i , is written as
with D 0 /D 1 the part coming from our novel generalized master equation, and Γ i→j the rate for the transition between the two states in the proper direction. In the steady state
Thus, the inclusion of the M composite state results in a modification of the relaxation and excitation rates for the two level system,
B. Evaluating the new rates
We calculate the transition rates in a similar manner to the scheme used in Section S.F. For a given transition rate between levels i, j, Γ i→j :
